The reaming deals with cutting and burnishing simultaneously and needs a severe cutting performance. The cutting mechanism is so complicated that the method of evaluating the effects of the cutting fluids on the finished surface integrity and the tool life is not easy. In this study, the examination was carried out to extract an optimum cutting fluid in Incoloy 825 reaming. That is, instead of reaming, the simple method was established to experimentally investigate the effect of the cutting fluids on the cutting resistance and tool wear. This method is applicable to reaming processes supported by devising the tool geometry and the cutting conditions in facing with the CNC lathe. As a result, it was clarified that the synthetic soluble showed good performance for the cutting resistance and tool wear and this simple method was effective for the evaluation of the optimum cutting fluids in Incoloy 825 reaming.
Introduction
Nickel-based super alloys can keep high temperature strength in a very hot environment, so they are used as part of gas turbines for the power plant and the aircraft engine. On the other hand, super alloys are classified as difficult-to-cut materials (1) . Some researches of the tool wear for Inconel 718 machining, which is one of typical super alloys, have been investigated (2) (3) (4) . In order to conserve the global environment, the research and development of minimal quantity lubrication (MQL) (5) and dry machining (6) have been investigated. As for reaming, because it is not easy to carry out dry machining due to the requirement of burnishing, it is necessary to supply the cutting fluids to the cutting point enough. The cutting fluids aiming at the balance of productivity and environmental conservation should be treated under the present conditions. However, it is difficult to examine the cutting fluids by using actual reaming due to several problems, such as a certain approach of cutting fluids to cutting edges and the deviation of the hole position between prepared hole drilling and reaming due to the tool exchange. This study suggests a simple method which can evaluate the optimum cutting fluids and support various machining processes by using a certain machining method. That is, this method is applicable to reaming processes supported by devising the tool geometry and the cutting conditions in facing with the CNC lathe. The previous study showed that this method was effective by using aluminum alloy (7) .
In this study, the simple method was applied to Incoloy 825, which is classified as a difficult-to-cut material due to low thermal conductivity, work hardening tendency, and its availability was investigated through the effect of the cutting fluids on the cutting resistance and tool wear.
Simple Method
In order to analyze the complicated reaming mechanism, some modeling tests of reaming have been suggested (8, 9) . However, some problems between the modeling test and reaming occurred because of the deflection and chatter of the tool. Figure 1(a) shows the schematic of the experimental set up for extracting the optimum cutting fluids. The workpiece was attached to the chuck of the lathe and facing was carried out by sending the tool from the circumference to the center of this workpiece. Because the previous paper examined with the general-purpose lathe (10) cutting speed has changed DOI: 10.12792/iciae2016.038gradually at the cutting position between the circumference to the center. In this study, the constant surface speed control mode was used with the CNC lathe in order to prevent the influence of the change of the cutting speed. The tool geometry is very important in this experiment and corresponds to every machining style. This study aimed to reproduce burnishing function with the cutting edge, and the tool geometry was shaped as shown in Fig.1(b) . In other words, the section part of negative square cemented carbide throw-away insert SNGA was ground, the chamfer corresponding to the reamer was made. The major cutting edge angle of this insert corresponds to the chamfer angle of the reamer. And the minor cutting edge angle corresponds to the back taper. The margin width Mb which affects burnishing function was shaped with the cutting edge by grinding. This insert was put on the tool holder and the holder was attached by corresponding to the back taper of an actual reamer.
Experimental

Work Material
In this experiment, Incoloy 825 was used as a specimen. Incoloy 825 is a nickel iron chromium alloy with additions of molybdenum, copper and titanium, with exceptional resistance to many aggressive corrosion environments (11) .
The chemical composition is 42.0% Ni, 21.5% Cr, 2.2% Mo, 2.2% Cu, 0.9% Ti and balance Fe. This alloy has good impact strength at room temperature, and retains its strength at cryogenic temperatures. It is used for chemical processing, pollution-control equipment, oil and gas well piping, nuclear fuel reprocessing, acid production, and pickling equipment. In addition, this alloy is classified as a difficult-to-cut material due to low thermal conductivity, work hardening tendency, and strong tendency of welding and adhesion of work material onto the cutting tool.
Experimental Conditions
As for the actual reaming, the experiment was carried out by using the vertical machining center Dura Vertical 5060 made by Mori Seiki. Center drilling, prepared hole drilling and finish reaming were performed by a series of program operations.
Concrete cutting conditions are shown in Table 1 . The plate specimens of Incoloy 825 with a thickness of 18mm were used for the reaming test. The tool material is cemented carbide K10, and has an allowable tolerance of +0.004 mm. The reaming torque and thrust were measured with Kistler multicomponent dynamometer type 9272 during reaming. After reaming, the width of the nose wear as the tool wear was measured with an optical microscope.
As for a simple modeling test, the experiment was carried out by using the CNC lathe TAC 510 made by Takizawa. Pre-machining and facing were performed by the constant surface speed control mode as shown in Table  1 . The pipe specimens of Incoloy 825 with an outer diameter of 100 mm and inner diameter of 64 mm were used for this method. The end face of workpiece was machined up to the pipe thickness of 18 mm from circumference to center as shown in Fig.1(a) . The depth of cut, feed rate and rake angle were constant. The cutting resistance was measured with Kyowa strain-gauge dynamometer type TD-300KA during facing. After facing, the width of the nose wear as the tool wear was measured with an optical microscope.
In these experiments, as cutting fluids, the emulsion including sulfur type extreme pressure additive, synthetic emulsion including a sulfur type extreme pressure additive, synthetic soluble and water-immiscible cutting fluid including sulfur type extreme pressure additive were used. Each feature is shown in Table 2 . In the case of the water-miscible type, what diluted each of the types 10 times was used as a cutting fluid. In the entire test, the cutting fluid was added to the cutting point at the rate of 10 l/min with the external nozzle. In order to compare these setting fluids, MQL machining and dry machining were applied, too. As for MQL, polyol ester was supplied under 0.5 MPa blowing pressure and 10 ml/min flow rate. Figure 2 shows the change of the cutting resistance at 10m/min cutting speed. The figure (a) is the reaming and the figure (b) is the simple modeling test, respectively. The torque and the thrust of reaming correspond to the cutting force Fc and the feed force Ff, respectively. Furthermore, this modeling test has the vertical power (thrust force Fb) acting on the finished surface, too. The thrust force Fb is the most important factor affecting burnishing and tool wear. In the case of a reamer with plural cutting edges, it is difficult to measure this force Fb for every cutting edge. Detecting the thrust force Fb is one of the features of this method.
Results and Discussion
Cutting Resistance
As shown in Fig.2(a) , the torque of reaming is divided into a cutting part and burnishing part like the previous paper (7, 12) . An effective burnishing action leads to excellent finished surface integrity. The thrust has a cutting part and burnishing part, too. As shown in Fig.2(b) , both component forces increase rapidly as soon as a cutting edge starts machining, and becomes gradually before long. The first rapid increase means a cutting and subsequent increase means burnishing by the finishing edge. The difference in burnishing is remarkable and the thrust force Fb is the largest in three component forces of the cutting resistance. Figure 3 shows the effects of the cutting fluids on the cutting resistance. The figure (a) is the torque in reaming and the figure (b) is the thrust force Fb in the simple modeling test. Both the reaming and the simple modeling test show a similar tendency generally. In other words, the dry machining has a small cutting resistance, while the water-miscible and water-immiscible cutting fluids have a large one. Because the built-up edge (BUE) was piled upon the cutting edge in the case of dry machining, the cutting resistance decreased.
The burnishing part, especially, shows a more remarkable change than the cutting part. As for the resistance of the cutting part, the good lubricity cutting fluids become small in cutting resistance. As for the resistance of the burnishing part, the case of the water-immiscible cutting fluid indicates large resistance because of the effective performance of good lubricity in the contact area between the margin of tool and finished surface. The thrust force Fb which cannot be evaluated directly from the torque and thrust in reaming becomes large in the case of good lubricity cutting fluids. This performance leads to the burnishing dominant factor. Figure 4 shows the effects of the cutting fluids on the corner wear VC, in the case of margin width Mb=0.3 mm. The figure (a) and the figure (b) show the case of the reaming and that of the simple modeling test, respectively. As shown in both figures, the more the cutting length increases, the more the corner wear VC increases. In the case of dry machining, the tool life becomes very short. On the other hand, in the case of water-miscible and immiscible cutting fluids, the tool life becomes longer relatively. Especially, the synthetic soluble which has high permeability shows good performance like the water-immiscible cutting fluid. From these results, the more the torque of the reaming or the thrust force of the simple modeling test increases, the more the tool life extends. Figure 5 shows the effects of the margin width Mb and the cutting fluids on the corner wear VC in the case of the simple modeling test. The figure (a) and the figure (b) show the case of Mb=0 mm and that of Mb=0.6 mm, respectively. From these figures, it is found that the corner wear VC at Mb=0.6 mm is larger than at Mb=0 mm in the same cutting length. In other words, burnishing action needs the margin width, but its width must not be too large.
Tool Wear
Moreover, these figures show that in the case of the water-miscible and immiscible cutting fluids, the tool life becomes longer, compared with dry machining. In the case of the synthetic soluble, especially, it becomes extremely long. Therefore, it is necessary to put the margin width on the cutting edge, but larger width may make the tool wear inferior.
As a result, the simple modeling test can be applied to prediction of the tool life for the actual reaming. Now, it is necessary to consider these results by using the cutting resistance. Table 3 shows the Frictional coefficient from ratio between cutting force and thrust force in the case of the simple modeling test. In this table, Fc' is the burnishing component of the cutting force Fc and Fb' is that of thrust force Fb, respectively. From this table, it is found that the good lubricity cutting fluids have a small frictional coefficient.
Thus, these cutting fluids are effective to extend the tool life.
Conclusions
In order to extract an optimum cutting fluid in Incoloy 825 reaming, the availability of the simple method was investigated through the effects of cutting fluids on cutting resistance and tool wear, instead of the actual reaming.
As a result, it was clarified as follows:
(1) Incoloy 825 reaming can be modeled by facing with the CNC lathe.
(2) The good lubricity cutting fluids have a small frictional coefficient, and their burnishing action is remarkable. Therefore, they contribute to the extension of tool life.
(3) The long tool life was obtained in the case of the synthetic soluble as well as the water-immiscible cutting fluids.
(4) This method can be applied to other nickel based super alloys as well as Incoloy 825.
